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a  b  s  t  r  a  c  t
The  toxic  diatom  Pseudo-nitzschia  seriata  was  exposed  directly  and  indirectly  (separated  by  a  membrane)
to  copepods,  Calanus  hyperboreus  and  C.  ﬁnmarchicus,  to  evaluate  the effects  of  the  copepods  on  domoic
acid  production  and  chain  formation  in  P. seriata.  The  toxicity  of  P. seriata  increased  in the presence  of
the  copepods.  This  response  was  chemically  mediated  without  physical  contact  between  the  organisms
suggesting  that  it was induced  by  potential  waterborne  cues  from  the  copepods  or changes  in  water






not  shown  in  the  present  study.  To  evaluate  if the  induction  of  domoic  acid  production  was  mediated
by  the chemical  cues  from  damaged  P.  seriata  cells,  live  P. seriata  cells  were  exposed  to  a  P.  seriata  cell
homogenate,  but no  effect  was  observed.  Chain  formation  in  P. seriata  was  affected  only  when  in  direct
contact  with  the  copepods.  This  study  suggests  that  the presence  of zooplankton  may  be  one  of  the  factors
affecting  the  toxicity  of  Pseudo-nitzschia  blooms  in the  ﬁeld.
©  2014  Elsevier  B.V.  All  rights  reserved.
razing
. Introduction
Many phytoplankton species produce toxic secondary metabo-
ites, whose functions are still unknown in most groups of
icroalgae. The secondary metabolite domoic acid (DA) is a potent
eurotoxin produced by several species in the diatom genus
seudo-nitzschia Peragallo (reviewed in Lelong et al., 2012; Trainer
t al., 2012). DA may  accumulate in organisms grazing on toxic
seudo-nitzschia species and afterwards be transferred to higher
rophic levels (e.g. Scholin et al., 2000; McHuron et al., 2013) where
t may  lead to amnesic shellﬁsh poisoning (ASP). The symptoms of
SP include e.g. nausea, diarrhea, short-term memory loss, paraly-
is and in extreme cases, death.
The ﬁrst recorded ASP incident, which affected more than 100
umans took place in Prince Edward Island, Canada, in 1987, and
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166-445X/© 2014 Elsevier B.V. All rights reserved.it was  caused by consumption of DA-contaminated blue mussels
(Bates et al., 1989). The effects of DA on sea birds, sea lions and ﬁsh
have been studied (Fritz et al., 1992; Scholin et al., 2000; Lefebvre
et al., 2012), whereas there is not much knowledge of possible
effects of DA on, e.g. planktonic grazers such as copepods that feed
on DA-producing Pseudo-nitzschia. Shaw et al. (1997) studied the
effects of dissolved DA on the copepod Tigriopus californicus grazing
on the non-toxic diatom Thalassiosira pseudonana. Reduced graz-
ing due to DA was  not observed, but DA was  toxic to the copepods
and caused mortality at relatively low concentrations (Shaw et al.,
1997). In most grazing studies on toxic Pseudo-nitzschia the cope-
pods have accumulated DA, but no apparent adverse effects on
grazers, e.g. reduced grazing, were detected (Lincoln et al., 2001;
Tester et al., 2001; Maneiro et al., 2005; Leandro et al., 2010).
Hence, the potential role of DA as a grazing deterrent has not been
supported. However, Bargu et al. (2003) found krill to feed dis-
continuously on toxic Pseudo-nitzschia multiseries, and the same
observation was made by Tammilehto et al. (2012) when feed-
ing copepods, Calanus ﬁnmarchicus and C. hyperboreus, with toxic
P. seriata.  Both studies suggested that the grazers suffered from
physiological incapacitation. The indication that DA may  affect






















































1.1 l) and diluting it with 16.9 l of 0.45-m ﬁltered seawater (=a
pooled culture) on the day when the experiment was  started. To
measure the DA concentration of P. seriata before the experiments,
triplicate subsamples (100 ml)  of P. seriata were taken from the
Table 1
Experimental setup of the incubation experiments with copepods and homogenized
Pseudo-nitzschia seriata cells, showing the contents of ﬂask A, containing copepods
or  homogenized P. seriata (except in the control) plus live algae, and B, containing
only  live algae.
Experiment Treatment Flask
A B
Copepods Control Algae Algae
C. hyperboreus Copepods and
algae
Algae
C. ﬁnmarchicus Copepods and AlgaeA. Tammilehto et al. / Aqua
razing by copepods has implications for the phytoplankton, and
ay  give toxic species an advantage over non-toxic ones (Huntley
t al., 1986). To investigate whether DA deters copepod grazing on
he toxic Pseudo-nitzschia species, and what the potential mode of
ction is, further studies are still needed.
The presence of grazers may  affect phytoplankton morphol-
gy, such as the length of chains and colony size (Hessen and Van
onk, 1993; Jakobsen and Tang, 2002; Jiang et al., 2010; Selander
t al., 2011; Bergkvist et al., 2012) and physiology (Jang et al.,
003). These responses may  reduce the risk of being grazed, i.e.
he defense mechanism is inducible. Selander et al. (2006) found
hat waterborne cues from the copepod Acartia tonsa induced para-
ytic shellﬁsh poisoning toxin (PST) production in the dinoﬂagellate
lexandrium minutum, which led to reduced grazing of A. tonsa on
. minutum. It has also been shown that the chemical and morpho-
ogical responses may  take place simultaneously (Selander et al.,
012). Such inducible defenses may  be beneﬁcial in conditions
here the risk of being grazed is unpredictable, as e.g. in marine
nvironments, given that defensive traits are costly (Karban and
aldwin, 1997). In addition to the potential cues released by the
razers, mechanical damage of the algae may  signal the risk of
razing, especially when feeding is “sloppy”, even if the message
ay  not always be reliable since algae also lyse, e.g. due to attack
y viruses (Van Donk et al., 2011). The effect of mechanical dam-
ge on the potential inducible defenses in phytoplankton has been
arely studied (reviewed in Van Donk et al., 2011; see Lampert et al.,
994; Lürling, 1998). It is possible that the chemicals released by
he grazers and the damaged cells interact to produce the potential
ignal that eventually induces the defense reaction in the phyto-
lankton (Van Donk et al., 2011). Indications that the presence of
he copepods may  enhance DA production in P. seriata were found
y Tammilehto et al. (2012), where the DA cell quota in P. seriata
ncreased after 12 h in the presence of C. hyperboreus. In the same
tudy no increase in DA was found in the presence of C. glacialis or
. ﬁnmarchicus.
In the present study we explored the following questions:
) Does the presence of the two copepod species Calanus hyper-
boreus and C. ﬁnmarchicus induce physiological or morphological
responses, i.e. enhanced DA production or changes in chain for-
mation in Pseudo-nitzschia seriata?
) Are the potential cues involved in the induced response chemical
or is physical contact required to elicit them?
) Can the potential triggers be released from damaged P. seriata
cells only, without the presence of the copepods?
. Materials and methods
.1. Study organisms
The copepods Calanus ﬁnmarchicus and C. hyperboreus were
ollected from Disko Bay (69◦14′ N, 53◦23′ W)  at a 300-m-deep
onitoring station (Madsen et al., 2001; Hansen et al., 2012) during
he spring bloom in April 2012. Disko Bay is located on the western
oast of Greenland. The copepods were sampled from the upper
00 m using a WP-2 net (200 m),  transported to the laboratory
n thermo boxes, picked individually using a stereo microscope in
ce-chilled petri dishes and kept in the dark at the in situ temper-
ture for a maximum of 1 week in 0.45-m ﬁltered seawater and
ed with Thalassiosira sp. prior to the experiments. Thereafter, the
opepods were starved for 24 h. The DA-producing P. seriata strain
5G3 was isolated as described in Tammilehto et al. (2012) and
rown in 50% silica-reduced L1-medium (Guillard and Hargraves,
993) at 12:12 light:dark cycle. The length and width of P. seriata
ells were 64.8 ± 3.9 (SD) m and 5.5 ± 0.8 (SD) m,  respectively.Fig. 1. Schematic diagram of the incubator with two ﬂasks connected via two 2-m
polycarbonate membranes (diameter 4.5 cm). Flask A: Pseudo-nitzschia seriata plus
copepods (except in the control); ﬂask B: P. seriata only.
2.2. Induction experiments with copepods
The induction experiments were conducted in incubators con-
sisting of two  polystyrene tissue culture ﬂasks (Sarstedt) (volume
710 ml  ﬂask−1) that were connected through two  holes (4.5 cm in
diameter) covered by 2.0-m polycarbonate membranes to allow
water exchange between ﬂasks (A and B) but to prevent exchange
of copepods and algal cells between the ﬂasks (modiﬁed from Tang,
2003; Fig. 1). Non-toxic aquarium silicone (Dana Lim aquarium sil-
icone 579) was used to glue the ﬁlters onto the polystyrene ﬂasks
and to connect the ﬂasks. The permeability of the 2-m polycarbo-
nate membrane was tested visually by observing the transport of
food dye from one ﬂask to the other. Tang (2003) used similar mem-
branes and reported reaching the diffusion equilibrium of ∼50% and
90% after 3 and 5 days, respectively. The incubators (ﬂasks A and
B) both contained P. seriata culture. The copepods and P. seriata
cells were added to ﬂask A separated by the 2.0-m polycarbonate
membrane from the P. seriata cells in ﬂask B (Fig. 1; Table 1).
The sea water used for the experiments was collected at least
1 week before starting the experiments to minimize the potential
cues originating from the ﬁeld. The salinity 35 water was ﬁltered
(0.45-m pore size) and stored at 4 ± 2 ◦C. Both ﬂasks (A and B)
of the incubators were inoculated with P. seriata at a concentra-
tion of 1000 cells ml−1, corresponding to an average of 162 g C l−1
(for calculations see Tammilehto et al., 2012). This cell concentra-
tion was  achieved by pooling together four P. seriata batch cultures
(for growth conditions see Section 2.1, the batch cultures had been
grown for 9 days) in early stationary phase (16,000 cells ml−1 inalgae


































































c4 A. Tammilehto et al. / Aqua
ooled culture using a 100-ml syringe and ﬁltered onto GF/F ﬁl-
ers using gentle vacuum. The samples were stored at −20 ◦C until
nalysis. A few hours before the experiments, actively swimming
opepods were added to the ﬂasks ﬁlled with 0.45-m ﬁltered
eawater and kept at 4 ◦C.
The experiments were started by adding C. hyperboreus or C.
nmarchicus to ﬂask A, two or eight copepods, respectively, per
ask. The control incubator (ﬂask A) contained no copepods. For cell
ounts, a 3-ml sample was taken from each ﬂask and ﬁxed with 1%
ﬁnal concentration) acidic Lugol’s solution. The grazing treatments
nd the controls were run simultaneously in quadruplicate and in
riplicate, respectively. The incubators were mounted on a plankton
heel rotating at 1.3 rpm. The experiment was run for 8 days at
 ± 2 ◦C using a 12:12 light:dark cycle under a light intensity of
00 mol  photons m−2 s−1.
Cell and DA concentrations were quantiﬁed again on days 2,
 and 8. Both ﬂasks (A and B) were sampled simultaneously,
nd the ﬂasks were reﬁlled ﬁltered seawater. On day 2, the cell
oncentration samples were ﬁxed with 10% glutaraldehyde (ﬁnal
oncentration) to preserve the chains. Acidic Lugol’s solution (1%
nal concentration) was used for ﬁxation on the other days and the
amples were counted within three months after the experiments.
n day 3, 19 ml  of P. seriata batch culture (350,000 cells, culture
rown for 12 days) was added directly to the ﬂasks with copepods
ﬂask A) to ensure that the copepods had enough P. seriata cells for
razing. The same volume of P. seriata was added to the control ﬂask
 to ensure similar treatment of the grazing and the control ﬂasks.
he dilutions due to sampling and adding cells on day 3 were con-
idered in calculating the growth and ingestion rates. The growth
ate was calculated according to Frost (1972) and the ingestion rate
ccording to Harris et al. (2005) (for formulas see Tammilehto et al.,
012).
At the end of the experiment (day 8), samples were taken for
ell counts (4 ml), DA (200 ml)  and chlorophyll-a concentration of
. seriata cells. In addition to measuring the particulate DA concen-
ration of the cells collected on GF/F ﬁlters, a 3-ml sample of the
ltrate was taken to measure the concentration of dissolved DA.
he ﬁltrate samples were stored at −20 ◦C prior to analysis. The DA
ell quota was calculated by dividing the amount of DA collected on
he GF/F ﬁlter (P. seriata cells) by the cell number. In addition, the
atio between dissolved DA and cell numbers was calculated. To
easure chlorophyll-a concentration, a 100-ml sample from each
ask was ﬁltered onto GF/F ﬁlters using gentle vacuum. The ﬁlters
ere then extracted in 5 ml  of 96% ethanol for 24 h (Jespersen and
hristoffersen, 1987) and measured ﬂuorometrically before and
fter HCl addition, using a Turner ﬂuorometer (TD-700) calibrated
gainst a chlorophyll-a standard. The number of copepods per ﬂask
as recorded at the end of the experiment and their condition
hecked visually.
.3. Induction experiment with damaged P. seriata cells
Flask A contained live and homogenized P. seriata cells and ﬂask
 only live P. seriata cells (Table 1). The P. seriata homogenate was
repared by ﬁltering a known volume of culture onto a 2.0-m
olycarbonate ﬁlter using gentle vacuum, after which the cells on
he ﬁlter were homogenized using an autoclaved mortar. In the
ontrols, both ﬂasks contained only live P. seriata cells. All the
ncubators were ﬁlled with aged 0.2-m ﬁltered seawater with a
alinity of 30 and P. seriata culture (15 ml  of 50,000 cells ml−1) was
dded to each ﬂask to reach a ﬁnal concentration of 1000 cells ml−1.
he homogenate of P. seriata culture, corresponding to the concen-
ration of 1000 cells ml−1 in 710 ml  was added into ﬂask A. The
lter was rinsed with a known volume of 0.2-m ﬁltered sea-
ater to collect the homogenate. To ensure that the cells were
rushed, the homogenate was checked visually using an invertedicology 159 (2015) 52–61
microscope (Olympus CKX31) at 200× magniﬁcation before use.
The homogenate was added to ﬂask A directly after homogeniza-
tion and care was taken to keep the homogenate cool at all times.
After ﬁlling the incubators with 0.2-m ﬁltered seawater and the P.
seriata culture, 1.65 ml  of the homogenate was  added to the treat-
ment ﬂask A and the same volume of 0.2-m ﬁltered sea water
into the control ﬂask A. Both the homogenate and control treat-
ments were run in quadruplicate. The incubation experiment was
run on a plankton wheel (1.1 rpm) for 8 days at 3 ± 1 ◦C using
12:12 light:dark cycle under a light intensity of 100 mol  pho-
tons m−2 s−1.
Samples for cell and DA concentrations were collected and
treated as described in Section 2.2. The homogenate of damaged
P. seriata cells was prepared and added to the treatment ﬂasks
daily during the experiment (days 0–7) to provide fresh poten-
tial cues, and at the same time an equal volume of 0.2-m ﬁltered
sea water was  added to the control ﬂasks. The P. seriata cultures
used for inoculating the experimental incubators and for making
cell homogenate were grown at 4 ◦C using 12:12 light:dark cycle
under a light intensity of 100 mol  photons m−2 s−1 and were har-
vested at late exponential to late stationary phase (cultures grown
for 16–23 days).
Subsamples (50 ml) for measuring dissolved inorganic nitrogen
(ammonium, nitrate and nitrite), dissolved inorganic phosphorus
(phosphate) and dissolved silica at the beginning of the experi-
ment were taken from two extra ﬂasks similar to the control ﬂasks
and the same ﬂasks were used for measuring pH. At the end of
the experiment (day 8) pH was  measured from all the B ﬂasks. pH
was measured using analytical pH-meter (Radiometer). The nutri-
ent samples at the end of the experiment (day 8) were collected
from one control ﬂask B and one treatment ﬂask B. The sample for
dissolved silica analysis was  passed through a 5.0-m polycarbo-
nate ﬁlter and those for nitrogen and phosphorus analyses through
GF/C ﬁlters. The nutrient ﬁltrates were frozen at −20 ◦C immedi-
ately after sampling and later analyzed at the Aarhus University
(Denmark) on a ﬂow injection autoanalyzer, following Hansen and
Koroleff (1999). DA analyses for the incubation experiments were
conducted as described in Tammilehto et al. (2012). The detection
limit for DA was 10 ng sample−1.
2.4. Microscopy
Pseudo-nitzschia cell concentrations and chain length (number
of cells in per chain) were enumerated in a Sedgewick-Rafter cham-
ber using an inverted microscope (Nikon TMS  and Olympus CKX31)
at 100× magniﬁcation. A minimum of 400 cells was counted in each
sample and if a sample contained fewer than this, at least half of
the cells in the counting chamber were counted. The length and
width of the cells were measured using Olympus BX53 microscope
at 400× magniﬁcation.
2.5. Statistical analyses
Changes over time within each treatment were tested using
repeated measures ANOVA (RM ANOVA), and the Friedman test was
used as a non-parametric alternative. Paired samples were tested
using the paired t-test or the non-parametric Mann–Whitney U-
test. The differences between means were tested using the t-test
(two samples) and one-way ANOVA (three or more samples) or
the non-parametric Mann–Whitney U-test and the Kruskall–Wallis
test. Normal distribution was  tested using the Shapiro–Wilk test
and homogeneity of variances using Levene’s test. If the dataset
violated the assumption of normal distribution or homogeneity of
variances, it was ln transformed. If the assumptions of normality
or variance homogeneity were not fulﬁlled, even after the trans-
formation, a non-parametric test was  used. The X2-test was used





























Domoic acid (DA) cell quota of Pseudo-nitzschia seriata (pg DA cell−1) and dissolved
DA  concentration in the culture ﬁltrate (ng DA ml−1) on day 8 (mean ± SD) in ﬂask A,
containing copepods (except control) and ﬂask B, with cues from copepods (except
control).
Cellular (pg DA cell−1) Filtratea (ng DA ml−1)
A Control 0.10 ± 0.04 bd
C.  hyperboreus 13.1 ± 1.98 17.0 ± 5.55
C.  ﬁnmarchicus 4.15 ± 1.52 bd
B Controlb 0.01 ± 0.00 bd
C.  hyperboreus 0.51 ± 0.25 bd
C. ﬁnmarchicus 2.62 ± 0.89 bd
a bd = measurement below the limit of detection.A. Tammilehto et al. / Aqua
o compare the proportions of cells in single cells and chains (three
ategories: single cells, 2-cell chains and 3- or more cell chains)
sing the proportions in the control as the expected frequency. A
ommon signiﬁcance level of 0.05 was applied.
. Results
The DA cell quota (toxicity) of P. seriata increased during the
xperiment with both C. hyperboreus and C. ﬁnmarchicus, in con-
rast to the control where the DA cell quota of P. seriata remained
table (Fig. 2). The toxicity of P. seriata increased in both sides of the
ncubators, i.e. both when cells were in direct physical contact with
he copepods (ﬂask A) and also when the copepods and the algae
ere physically separated into different compartments and only
ater exchange between the compartments was allowed through
 2-m polycarbonate membrane (ﬂask B). On day 0, the DA cell
uota of P. seriata was below the limit of detection. The greatest
oxicity increase was recorded when P. seriata was  in direct phys-
cal contact with C. hyperboreus, rising from undetected to 13.1 pg
A cell−1 (day 8 mean) in ﬂask A (Fig. 2A). The toxicity of P. seriata in
ask A with C. hyperboreus increased signiﬁcantly during the exper-
ment (RM ANOVA, F2,6 = 58.4, p < 0.01), and post-hoc analysis with
onferroni adjustment showed the toxicity of P. seriata to be signif-
cantly higher on days 5 and 8 than on day 2 (p < 0.05 and p < 0.01,
espectively) (Fig. 2A). In ﬂask B with cues from C. hyperboreus, a
ig. 2. Domoic acid (DA) cell quota (pg DA cell−1, mean ± SD) of Pseudo-nitzschia
eriata in different treatments on days 0, 2, 5 and 8. (A) Flask A with copepods
except control); (B) ﬂask B containing only algae with cues from the copepods
except control). On day 0, DA cell quota measured from the pooled culture. In the
ontrol, n = 3 and in the copepod treatments, n = 4.b One measurement of cellular DA below the limit of detection.
signiﬁcant increase in toxicity (RM ANOVA, F2,6 = 5.6, p < 0.05) was
also seen, but post-hoc analysis with Bonferroni adjustment could
not reveal signiﬁcant pairwise differences (Fig. 2B). The toxicity of
P. seriata also changed signiﬁcantly when in physical contact with
C. ﬁnmarchicus (RM ANOVA, F2,6 = 30.3, p < 0.01), reaching the high-
est level on day 5 (7.3 pg DA cell−1, mean) (Fig. 2A). The post-hoc
analysis with Bonferroni adjustment showed that the toxicity was
signiﬁcantly higher on day 5 than on day 2 (p < 0.05). In ﬂask B with
cues from C. ﬁnmarchicus, the toxicity of P. seriata changed signif-
icantly (RM ANOVA, F2,6 = 36.3, p < 0.001) and was higher than in
ﬂask B with cues from C. hyperboreus, but lower than in ﬂask A
with C. ﬁnmarchicus (Fig. 2). The post-hoc analysis with Bonferroni
adjustment revealed that the toxicity of P. seriata in ﬂask B with
cues from C. ﬁnmarchicus was signiﬁcantly higher on days 5 and 8
than on day 2 (p < 0.01 and p < 0.05, respectively). In the controls,
the toxicity of P. seriata did not change in ﬂask A (Friedman’s test,
X23 = 4.2, p = 0.24) nor in ﬂask B (Friedman’s test, X23 = 3.4, p = 0.33)
during the experiment (Fig. 2).
The DA cell quota and the concentration of dissolved DA in the
medium on day 8 were compared between treatments (Table 2).
Cellular DA was  detected in all the treatments, although substan-
tially less in the controls compared to the grazing treatments,
especially in ﬂask A (Table 2). Dissolved DA was observed only with
C. hyperboreus in ﬂask A, whereas in the other ﬂask, the measure-
ments were below the detection limit (bd) (Table 2). The DA cell
quota was  signiﬁcantly higher in the ﬂasks with the copepods than
in the control and also higher with C. hyperboreus in comparison
to C. ﬁnmarchicus (one-way ANOVA, F2,8 = 68.6, p < 0.001, post-
hoc analyses with Bonferroni adjustment: control-C. hyperboreus:
p < 0.001, control-C. ﬁnmarchicus: p = 0.025, C. hyperboreus–C. ﬁn-
marchicus: p < 0.001) (Fig. 2; Table 2). In ﬂask B on day 8, the DA
cell quota (ln transformed) was  signiﬁcantly higher with cues from
C. ﬁnmarchicus compared to the control and with cues from C.
hyperboreus; C. hyperboreus was  also signiﬁcantly higher than the
control (one-way ANOVA, F2,8 = 171.2, p < 0.001, post-hoc analy-
ses with Bonferroni adjustment: control-C. ﬁnmarchicus: p < 0.001,
C. hyperboreus–C. ﬁnmarchicus: p = 0.001, control-C. hyperboreus:
p < 0.001) (Fig. 2; Table 2). The concentration of dissolved DA (exter-
nal DA in the medium) on day 8 was signiﬁcantly higher in ﬂask A
with C. hyperboreus than in the control ﬂask A (bd) (Kruskall–Wallis
test, X22 = 8.9, p = 0.012, post-hoc pairwise comparison, p = 0.009),
showing that the P. seriata cells also excreted or leaked the toxin
(Table 2). The concentration of dissolved DA with C. ﬁnmarchicus
was nondetectable in ﬂask A, however, and it did not differ sig-
niﬁcantly from C. hyperboreus or the control (non-censored values
were used). In ﬂask B, the concentrations of dissolved DA with cues
from C. hyperboreus and C. ﬁnmarchicus and in the control were all
below the limit of detection (Table 2). The amount of dissolved DA
per P. seriata cell in ﬂask A with C. hyperboreus was  21.3 ± 19.9 pg
DA cell−1.
56 A. Tammilehto et al. / Aquatic Toxicology 159 (2015) 52–61
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aig. 3. Cell concentrations of Pseudo-nitzschia seriata (cells ml , mean ± SD) on day
ontaining Calanus hyperboreus (n = 4); (C) ﬂask A, containing C. ﬁnmarchicus (n = 4)
hen extra culture was  added to the ﬂask A on day 3.
P. seriata grew in all experimental incubators (Fig. 3) and at
he start of the experiment cell densities were the same in ﬂask
 (Kruskall–Wallis test, X23 = 0.33, p = 0.85) for each treatment.
he algae reached the highest cell density in the control ﬂask
, where there were no grazers and extra culture was added on
ay 3. In ﬂask A, where the algae were in direct contact with the
opepods, the cell densities decreased due to grazing (Fig. 3). The
ecrease was signiﬁcant (one-way ANOVA, F2,8 = 55.0, p < 0.001)
nd more pronounced with C. ﬁnmarchicus than with C. hyper-
oreus. The post-hoc analyses with Bonferroni adjustment revealed
hat the cell concentrations were signiﬁcantly lower in ﬂask A with
. hyperboreus and C. ﬁnmarchicus than in the control ﬂask A (both
-values <0.001) at the end of the experiment, conﬁrming that
he copepods were grazing on P. seriata.  In ﬂask B, there were
o differences in cell concentrations between treatments at the
tart (one-way ANOVA, F2,8 = 0.75, p = 0.50) nor at the end of the
xperiment (one-way ANOVA, F2,8 = 0.08, p = 0.93). The overall net
rowth rate (between days 0 and 8) was similar in all B ﬂasks (one-
ay ANOVA, F2,8 = 0.38, p = 0.70), indicating homogeneous growth
onditions (data not shown).
Both C. hyperboreus and C. ﬁnmarchicus grazed on P. seriata
uring the 8-day incubation (Figs. 3 and 4) and no copepod
ortality was detected. The mean ingestion rates during the
ig. 4. Ingestion rates (cells copepod−1 h−1, mean ± SD, n = 4) of Calanus hyperboreus
nd  C. ﬁnmarchicus on days 0–2, 2–5, 5–8, and 0–8.5 and 8 in (A) the control (ﬂasks A and B, containing no copepods, n = 3); (B) ﬂask A,
parison with ﬂask B that contained no copepods but only algae. The arrows show
experiment for C. hyperboreus and C. ﬁnmarchicus were 3219 and
542 cells copepod−1 h−1, respectively (Fig. 4), and C. hyperboreus
ingested signiﬁcantly more cells than did C. ﬁnmarchicus (t-test;
variances not equal; t3.06 = 9.0, p = 0.003). The mean ingestion rate
of C. hyperboreus was highest from days 5 to 8 but there were no sig-
niﬁcant differences in ingestion rates of C. hyperboreus between the
different time points (RM ANOVA, F2,6 = 1.0, p = 0.42). C. ﬁnmarchicus
ingested P. seriata at signiﬁcantly different rates during the experi-
ment (RM ANOVA, F2,6 = 27.6, p = 0.001) and post-hoc analysis with
Bonferroni correction showed that the ingestion rate was signiﬁ-
cantly lower on days 5 to 8 than on days 0 to 2 and 2 to 5 (p = 0.017
and p = 0.005, respectively) (Fig. 4).
Adding homogenate of P. seriata to the P. seriata culture did not
affect the toxicity of the culture during the experiment (Fig. 5).
There were signiﬁcant differences in toxicity between days in ﬂask
A with homogenate (RM ANOVA, F2,6 = 8.1, p = 0.020) and post-hoc
pairwise comparisons without adjustment showed toxicity to be
signiﬁcantly higher on day 2 than on day 8 (p = 0.043) (with Bon-
ferroni adjustment no differences could be detected). However, the
same signiﬁcant difference between days was also detected in the
control ﬂask A (Friedman test, X22 = 8.0, p = 0.018, post-hoc pairwise
comparisons p = 0.014). Hence, the minor change in toxicity on day
2 in ﬂasks A was  due to factors other than adding the homogenate
and there was  no signiﬁcant difference in toxicity between the
treatments in ﬂask A on day 2 (t-test, t6 = −0.51, p = 0.63). In B
ﬂasks (control and treatment), toxicity did not change signiﬁ-
cantly during the experiment (Friedman test, X22 = 1.5, p = 0.47,
and RM ANOVA, F1.02,3.06 = 0.042, p = 0.86, respectively). Because the
assumption of sphericity was not met  (assessed by Mauchly’s test),
the Greenhouse–Geiser correction was applied for the RM ANOVA
on the treatment ﬂask B. Cell numbers decreased in all the ﬂasks to
around ∼500 cells ml−1 until day 5, after which they remained sta-
ble or increased slightly until day 8 (data not shown). Net growth
rates did not differ between the control and the treatment in ﬂask
A (t-test, t6 = −2.3, p = 0.057) nor in ﬂask B (Mann–Whitney, U = 4.0,
z = −1.2, p = 0.34), conﬁrming uniform growth conditions (data not
shown). Dissolved inorganic nitrogen and silica levels decreased
both in the control and treatment incubators (ﬂask B) during the
experiment and were at the same level (data not shown). There
was little phosphate in the seawater used (mean 1.3 mol  l−1) and
its level did not change in the control but decreased slightly in the
treatment incubator (ﬂask B) (data not shown). pH values were
7.9 in both the control and treatment B ﬂasks at the end of the
experiment (t-test, t6 = −1.1, p = 0.33).
Changes in the chain length of P. seriata were observed in the
experiment with copepods but not in the experiment with the P.
seriata homogenate. The proportion of single cells versus cells in
A. Tammilehto et al. / Aquatic Tox

























oeriata in the control (n = 4) and the homogenate treatment (n = 4) on days 0, 2, 5 and
 in (A) ﬂask A, with homogenate added (except control), and (B) ﬂask B, containing
nly algae.
hains during the experiment was more or less stable when C.
yperboreus and C. ﬁnmarchicus grazed on P. seriata,  but only in
he ﬂasks where the copepods were in physical contact with the
ells (ﬂask A), whereas in the controls, the proportion of cells in
hains increased during the experiment (Fig. 6). In the experiment
ith the P. seriata homogenate, the proportion of single cells was
60% throughout the experiment in both the control and treatment
asks (data not shown). The X2-test did not reveal relevant differ-
nces between the control and the grazing treatment/homogenate
ddition because signiﬁcant differences between the control and
he treatments already existed at the start of the experiment.
. Discussion
We  show that the toxicity of P. seriata cells increased signif-
cantly in the presence of copepods. The response is chemically
ediated, i.e. it was also found when the organisms had no physi-
al contact. Chemical cues from the damaged P. seriata cells alone
id not enhance DA production in live P. seriata cells.
The signiﬁcant increase in toxicity of P. seriata in the presence of
opepods, but without physical contact, suggests that waterborne
ues or changes in water chemistry induced the cellular response.
he toxicity of P. seriata increased more in the presence of cues from
. ﬁnmarchicus than with C. hyperboreus, when the copepods were
ot in physical contact with the diatom cells. However, the toxicity
f P. seriata peaked when the cells were in direct contact with bothicology 159 (2015) 52–61 57
Calanus species and the highest DA cell quota was recorded after 8
days with C. hyperboreus. We  cannot totally rule out the possibility
that the toxicity of P. seriata in direct contact with the copepods
increased because of selective grazing of the copepods on less toxic
P. seriata cells. However, we ﬁnd it unlikely because C. ﬁnmarchicus
is not known to discriminate between toxic and non-toxic Pseudo-
nitzschia species (Leandro et al., 2010). Moreover, there was  a large
difference in toxicity between the P. seriata cells in direct contact
with the copepods and the control. Instead, we  would expect to
see a more pronounced chemically mediated response when the
copepods and the algae are in physical contact, since the response
is likely to be attenuated when the signal must ﬁrst pass through the
2.0-m polycarbonate membrane. An explanation for this could be
that the cues have lipophilic components, which partially adsorb to
the polycarbonate membrane and do not entirely pass through it. A
similar attenuation in response was  observed in an analogous study
on the PST-producing dinoﬂagellate A. minutum in the presence of
three calanoid copepods (Bergkvist et al., 2008).
Triggers for DA production in Pseudo-nitzschia species have been
attributed to environmental factors, e.g. nutrients in relation to
the growth phase (reviewed in Bates, 1998; Lelong et al., 2012),
pH (e.g. Lundholm et al., 2004), and trace metal limitation or tox-
icity (Maldonado et al., 2002). Evidence of allelopathic effects of
DA, however, has not been found (Lundholm et al., 2005). DA is
an amino acid and thus nitrogen is needed for its synthesis. Since
diluted L1-medium (1/16) with reduced silicate was used in the
present study, with an extra addition of medium containing P. seri-
ata on day 3, we assume that no other nutrient except silicate
(which was intentional) was limiting the growth of the algae in
any experimental ﬂask. This is supported by the equal growth rates
observed in ﬂask B of the control and treatments. In ﬂask A where
the copepods could graze on the algae, the growth of P. seriata was
assumed to be similar to the other experimental ﬂasks, so that the
observed difference in cell concentration was due only to graz-
ing. The copepods excrete or leak nutrients, such as ammonium,
which may  alter the growth conditions of the algae in the exper-
imental ﬂasks containing the copepods with respect to available
nutrients and their ratios. High levels of ammonium (>200 M)
may  lead to increased cellular DA quotas in Pseudo-nitzschia but,
at the same time, may  also result in lowered growth rates (Bates
et al., 1993). No change in growth was  observed, even when the
P. seriata cells were not in direct contact with the copepods in B
ﬂasks, where the DA cell quota increased signiﬁcantly. Therefore,
we assume that factors other than nutrients caused the increase
in DA production. Levels of major inorganic nutrients have been
measured in only a few studies, which have shown that chemi-
cals released by the zooplankton induced either physiological or
morphological responses in phytoplankton (Selander et al., 2006;
Long et al., 2007; Lundgren and Granéli, 2010); however, the nutri-
ents themselves have not been found to be the inductive factor
in these studies. Selander et al. (2006) assumed that the possi-
ble effect of excretions (ammonium) from A. tonsa to be negligible
at saturating nutrient conditions in comparison to the effect of
chemical cues from A. tonsa in enhancing PST production A. min-
utum. This was  later supported by the observation that ammonium
concentrations did not differ between the grazing treatments and
the controls, although the cell-speciﬁc PST content of A. minutum
increased signiﬁcantly in the presence of A. tonsa in nitrate-rich
but not in low-nitrate conditions (Selander et al., 2008). Colony
formation in the green algae Scenedesmus also seems to be induced
by special grazer-released infochemicals rather than by excretory
products of the grazers, or other nutrients (Lürling, 2001).pH is
known to affect DA production in Pseudo-nitzschia species but the
results from studies are contradictory. Lundholm et al. (2004) and
Trimborn et al. (2008) found that elevated pH increased DA cell
quota in P. multiseries, whereas Sun et al. (2011) showed that the
































nig. 6. Percentage of Pseudo-nitzschia seriata as single cells and as cells in chains (
ontaining Calanus hyperboreus; (C) ﬂask A, containing C. ﬁnmarchicus; (D) ﬂask B c
n  ﬂask A; (F) ﬂask B with cues from C. ﬁnmarchicus in ﬂask A. All ﬂasks contained a
A levels of P. multiseries increased with lowered pH. In the present
tudy, pH is expected to increase as CO2 is used for photosyn-
hesis, but it is likely to be counterbalanced by the respiration of
he copepods that produce CO2. Because pH was not measured in
he present study in the ﬂasks that contained the copepods and
ecause of the obviously complex mechanisms by which it may
ffect DA production, we cannot totally exclude the possibility that
H, at least in part, had an impact on the DA levels. Long et al.
2007) and Lundgren and Granéli (2010) found no differences in
H between the grazing treatments (A. tonsa and P. globosa) and
ontrols (only P. globosa). In other similar induction experiments
ith copepodites and P. seriata,  no signiﬁcant changes in pH were
ound (N. Lundholm unpubl.). In the experiment with homogenate
dded, no differences in pH were observed between the control and
reatment.
In the present study, DA was produced during the exponential
rowth phase. The DA cell quota of P. seriata increased at the same
ime that cell numbers increased until day 5 with cues from C. ﬁn-
archicus in ﬂask B. As well on day 8, P. seriata was more toxic
n ﬂask B with cues from C. hyperboreus than in the control. With
hysical contact between the copepods and the algae (ﬂask A), the
A cell quota of P. seriata increased until day 5 with C. ﬁnmarchicus,
nd until the end of the experiment (day 8) with C. hyperboreus.
his indicates that actively dividing cells were producing increas-
ng amounts of DA. This is contrary to the ﬁndings of most earlier
tudies which showed that the highest DA levels occured during
he stationary growth phase, when cell division ceased (reviewed
n Bates, 1998; Fehling et al., 2004; Thessen et al., 2009). Garrison
t al. (1992) reported that P. australis produced DA during the expo-
ential phase, but concluded that the results could be biased due± SD) on days 0, 2, 5 and 8. (A) Flask A control, without any copepods; (B) ﬂask A,
l, without any copepod cues from ﬂask A; (E) ﬂask B with cues from C. hyperboreus
n the control, n = 3 and in the copepod treatments, n = 4.
to the very dense starting inoculum, which might have stressed
the algae and, hence, enhanced DA production. P. australis grown
on urea produced DA when growing exponentially, but the expo-
nential growth rate of P. australis was signiﬁcantly lower when
grown on urea compared to nitrate and ammonium (Howard et al.,
2007). Pseudo-nitzschia pseudodelicatissima (identity not certain)
produced DA throughout the exponential phase, but the produc-
tion was  substantially higher in the late stationary phase (Adams
et al., 2000).
The experiment with copepods in the present study was  termi-
nated when the cultures were still in the exponential growth phase.
Thus, higher DA cell quotas than recorded in the exponential phase
might have been observed in the stationary phase. However, with
C. ﬁnmarchicus the toxicity of P. seriata decreased after day 5, sug-
gesting that the potential chemical signal may  be related to the
actively grazing copepods. This is supported by the ﬁnding that
the abundance of P. seriata decreased to very low levels during the
experiment, meaning that C. ﬁnmarchicus practically stopped graz-
ing before the end of the experiment. Selander et al. (2006) found
that cues released by the grazing A. tonsa increased the PST con-
tent in the dinoﬂagellate A. minutum signiﬁcantly more than cues
released from the starving A. tonsa. Induction of colony formation
in Scenedesmus acutus was  also stronger when exposed to Daphnia
exudates from feeding compared to starved grazers (Lampert et al.,
1994). Similarly, Lürling (1998) observed that only exudates from
Daphnia grazing on digestible food induced colony formation in S.
acutus. Cues related to active feeding may  thus be the most reliable
indication of the risk of herbivory for phytoplankton (Van Donk
et al., 2011), explaining why  cues from actively grazing consumers
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The proportion of P. seriata cells in chains in direct contact with
he copepods in ﬂask A was relatively stable during the experiment.
n days 5 and 8 with C. ﬁnmarchicus and on day 8 with C. hyper-
oreus,  the proportion of the chains was lower compared to the
ontrol. This is likely due to a higher ingestion rate of chains, which
ay  be easier for the copepods to detect due to their larger size
ompared to the single cells. On the contrary, in the B ﬂasks with-
ut physical contact with the copepods, as well as in the control
asks, the proportion of chains increased during the experiment.
ergkvist et al. (2012) showed that the diatom Skeletonema mari-
oi reduced chain length in the presence of three copepod species;
he response in S. marinoi was also induced without physical con-
act with A. tonsa. Grazing was signiﬁcantly reduced on shorter
hains compared to longer chains. The authors suggested that the
uppression of chain formation in S. marinoi was a defense mecha-
ism against copepod grazing (Bergkvist et al., 2012). In the present
tudy, no effects of potential waterborne cues from the copepods
n chain formation of P. seriata were observed. Indeed, in all the B
asks with cues from the copepods the proportion of cells in chains
ncreased similar to the controls. In ﬂask A, with direct physical con-
act with the copepods, possible cues may  have suppressed chain
ormation in P. seriata but since the copepods were also grazing the
ells, we cannot distinguish between the effects of these two fac-
ors. This is particularly relevant for C. ﬁnmarchicus, which almost
xhausted the P. seriata cells by day 5. The increased proportion of
ells in chains compared to single cells during the experiment in
he controls shows convincingly the tendency of P. seriata to form
hains during exponential growth.
Our results suggest that potential chemical cues from P. seriata,
roduced by mechanical damage, do not induce the defense mech-
nisms addressed in the present study (increase in DA production,
hain formation). Similarly, Lampert et al. (1994) and Lürling (1998)
id not observe induction of colony formation in S. acutus when the
lga was treated only with the cell homogenate of S. acutus instead
f Daphnia exudates. Nor did we ﬁnd any effects of possible cues
rom damaged cells on chain formation of P. seriata.  However, we
annot exclude the possibility that any chemical cues released from
amaged cells could interact with chemicals from the grazer and
hus induce a stronger signal of the risk of being grazed upon, than
f the chemical is released only by the grazer.
The highest DA cell quota of P. seriata observed in this study
13.1 pg DA cell−1) is in the range of the highest DA cell quotas
ecorded for P. seriata, (33.6 pg DA cell−1; during the stationary
hase) (Lundholm et al., 1994). Prior to exposing P. seriata (P5G3) to
he copepods in this study, the mean DA cell quota of P. seriata was
elow the limit of detection. The previous year, the average level
as 0.55 pg DA cell−1 (Tammilehto et al., 2012) and a substantially
igher DA cell quota (47 pg DA cell−1, single measurement) for the
train was measured just 2 months before that. This illustrates the
ecrease in DA production over time in strains kept in culture for
onger periods, even years (e.g. Bates et al., 1999). However, our
tudy shows that the P. seriata strain (P5G3) used had not com-
letely lost its ability to produce DA, because it then regained it
hen induced by the copepods. The decrease in DA production in
nialgal laboratory cultures may  thus illustrate the relaxation of an
nducible defense.
Dissolved DA detected in ﬂask A with C. hyperboreus is in the
ange of that previously reported in the culture medium of P. seri-
ta, but the per cell production of dissolved DA was on average
3–250 times higher (Fehling et al., 2004; Hansen et al., 2011).
aldonado et al. (2002) found that P. multiseries and P. australis
roduced DA during the exponential growth phase in iron-deﬁcient
r toxic copper concentrations. Almost all (95%) of the DA pro-
uced was released into the medium and the authors concluded
his to be a stress reaction against unfavorable micronutrient lev-
ls (Maldonado et al., 2002). In the present study, ∼60% of the totalicology 159 (2015) 52–61 59
DA produced (cellular and dissolved) by P. seriata in physical con-
tact with C. hyperboreus was released into the medium. This may
have been an active stress response to the presence of a grazer,
an involuntary leakage of DA due to the high intracellular DA con-
centration or a consequence of “sloppy” feeding by the copepods
(Møller et al., 2003), leading to release of DA into the medium from
the damaged cells.
In the present study, we did not see DA to deter grazing on
P. seriata by the copepods. However, if DA production in P. seri-
ata is induced by chemical cues released by calanoid copepods, it
may, because of its toxicity, be assumed to be a defense mechanism
against grazing. In this case, the risk of being grazed should be lower
in the ‘induced’ cells in comparison to ‘non-induced’ cells. As pre-
viously mentioned, Selander et al. (2006) showed that the induced
dinoﬂagellate A. minutum contained a higher PST cell quota than
non-induced cells and that there was  less grazing by the copepod
A. tonsa on induced A. minutum compared to non-induced cells.
Copepods may  indeed stop grazing on the prey because it is toxic
or otherwise unpalatable (behavioral selection) (Teegarden, 1999).
In addition, grazing by copepods may be prevented by physiologi-
cal incapacitation caused by toxic food (Huntley et al., 1986; Ives,
1987). Indications of C. ﬁnmarchicus and C. hyperboreus to stop
grazing on toxic P. seriata after 6 h due to possible physiological
incapacitation were found by Tammilehto et al. (2012). Bargu et al.
(2003) found a similar effect when studying krill. Such a tempo-
ral grazing effect was not observed in the present study, probably
because of the longer sampling intervals (2–3 days) compared to
the 3 h interval used by Tammilehto et al. (2012). If DA deters graz-
ing by copepods due to physiological incapacitation, the copepods
are expected to reduce further grazing until the DA levels in the
grazer are below a certain threshold level. Induction of higher pro-
duction of DA in P. seriata due to the presence of grazers is therefore
expected to result in a faster reduction of grazing. With regard to
grazing, this would give toxic P. seriata an advantage at least in
bloom conditions, because grazing on P. seriata would be impaired.
Proving that the copepods are physiologically incapacitated by DA
requires further studies. The hypothesis that DA causes physio-
logical incapacitation in copepods does not conﬂict with ﬁndings
showing that copepods do not select against toxic Pseudo-nitzschia
species, even when nontoxic alternative food is offered (Maneiro
et al., 2005; Olson et al., 2006; Leandro et al., 2010). The reason is
that the negative effects of DA on grazers are expected to occur only
if DA intake by the grazers is high enough, which may  not have been
the case in the studies by Maneiro et al. (2005), Olson et al. (2006)
and Leandro et al. (2010), or that the effects of possible physiolog-
ical incapacitation by DA are left unnoticed. DA may  nevertheless
have adverse effects on the fecundity of the grazers, which may  lead
to subsequent reduced grazing pressure. However, only two stud-
ies have addressed this question and found that feeding on toxic
P. multiseries did not affect egg production or egg hatching success
of the copepods A. tonsa (Lincoln et al., 2001) or A. clausi (Maneiro
et al., 2005). Most copepod grazing experiments on toxic phyto-
plankton species, however, have not lasted more than 24 h, which
may  be too short a time to detect the potential adverse effects of
phycotoxins on grazers (Turner, 2014).
Assuming that the production of DA as a secondary metabolite is
costly, it is more likely to be maintained by natural selection if it has
several functions (Wink, 2003). In the present study, no costs of pro-
ducing DA were observed, as there were no differences in growth
rates between the highly toxic and the less toxic cells. However,
there may  be indirect costs that could not be detected in the batch
cultures, as suggested by Bergkvist et al. (2008) and Selander et al.
(2012) for the PST-producers A. minutum and A. tamarense,  respec-
tively. In the ﬁeld, DA production is likely to be controlled by several
interacting factors, which makes it difﬁcult to predict the formation
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ho in their ﬁeld study concluded that environmental factors other
han those studied so far (mainly related to nutrient stress) need
o be examined to understand DA production in Pseudo-nitzschia
pecies. Trainer et al. (2009) supported this view by stating that,
nder natural conditions, macronutrients cannot be used as reliable
redictors of toxicity of a Pseudo-nitzschia bloom. Our study shows
hat zooplankton grazing could be one of the factors controlling
he toxicity of a Pseudo-nitzschia bloom in the ﬁeld. To our knowl-
dge, this is the ﬁrst study to address induction of DA production in
seudo-nitzschia species by zooplankton. Given that other studies
ave shown toxin production in other algal groups can be induced
y chemical cues from zooplankton (Jang et al., 2003; Selander et al.,
006, 2012), this possibility should be investigated more rigorously
ith other Pseudo-nitzschia species and zooplankton.
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